ABSTRACT Population growth is often intuitively linked with proportionally higher use of fresh water resources. However, this implies that water use per capita does not change with population growth. We not only find that birth rates of regions are negatively related with its water use per capita (i.e., higher birth rate is associated with lower water use), but also that birth rates scale with the latter with a negative power. We use population and water withdrawal data from 1950 to 2005 at irregular 5-year intervals; with virtual water content, virtual water trade and agricultural production data from 1960 to 2000 for the seven continents to investigate the scaling relationship and interpret it through the lens of metabolism theory. Our analysis reveals that the scaling exponent lies between −1/3 and −1/2. Deviations from the power relationship are observed for Europe and Africa, which are attributed to lower than expected and higher than expected birth rates, respectively. Europe's deviation from the average scaling relationship may be due to the higher rate of return on human capital in industrialized countries. But why Africa deviates, while other developing and developed regions follow the power relationship more closely, remains a puzzle.
Introduction
W ater is the medium through which nutrients and oxygen are transported at a rate that is needed to sustain human life. The metabolic demand of a growing population determines the rate at which water is withdrawn and used for agricultural production. If the rate of water use is limited (e.g., due to technology or water scarcity), then a high birth rate is not sustainable unless it is complemented by a higher mortality rate.
Metabolism, which is a process of transforming energy and materials for work or biomass generation, is one key process that has been hypothesized to control birth rates of multiple species, as well as flux exchange between species or constituents of an ecosystem (Hou et al., 2008; Brown et al., 2004) . The metabolic rate, B, has been found to scale with exponent 3/4 with mass, M:
And other biological rates such as reproduction rate, r, have been found to be proportional to metabolic rate per unit mass:
The above two expressions suggest that r ∝ B −1/3 (i.e., reproduction rate scales with the metabolic rate with an exponent of −1/3). The power scaling has been widely reported across more than 20 orders of magnitude of mass, from single cell organisms to plants and mammals (Moses and Brown, 2003) . Given the biochemical reactions behind metabolism, its rate is expected to be limited by the rate at which materials are supplied to the reactions, or that it controls the rate at which materials are used, such as by the rate of water use by humans.
Mechanistic models of metabolism theory interpret the emergence of scaling relationship as a result of space-filling properties of networks, such as of blood vessels, that transport materials to reaction sites (Banavar et al., 2002; Savage et al., 2008) . The argument behind the emergence of the scaling relationship has often been that such networks have evolved to be efficient (e.g., in terms of minimizing energy loss) (Bettencourt, 2013) . In general, such models predict r ∝ B −1/D scaling relationship when a transport network efficiently fills a D-dimensional space (Banavar et al., 2002; Savage et al., 2008) .
Power scaling relationships between birth rates and proxies of metabolic rates, such as calorie intake per capita (Burger et al., 2011; Burger et al., 2017) and Gross Domestic Product based income per capita (Zhang and Yu, 2010; Bauch, 2008) , have been reported elsewhere. Figure 1 reports a similar, statistically significant −1/3 scaling relationship between birth rate and GDP per capita of the seven continents. Indeed, the negative correlation can be interpreted in terms of changes that are facilitated by increasing income per capita, such as women empowerment, opportunity cost to raise children, and transition from communal to societal demographics with more nuclear families (Mace, 2008; Bettencourt et al., 2007; Lutz, 2006) . However, unlike economic theory, metabolism theory offers an interpretation, not only for the negative correlation but also for the scaling relationship.
Since population growth, food security, and economic production are tightly linked with water use (Pande et al., 2014; Srinivasan et al., 2017) , this paper takes a metabolism theory view on the relationship between birth rate and regional water use for the first time. Given that metabolism is the transformation of matter and energy, and that water is the medium of material fluxes, we investigate whether the average metabolic rate of humans control (or is controlled by) water use per capita, which in turn influences birth rate. This paper finds statistically significant evidence of the scaling of average birth rates with water use per capita of the seven continents (See Materials and Methods for its interpretation). This is based on the analysis of birth rates and different water use per capita variables at regional scale, using temporal data sets on water withdrawals, virtual water content and trade of agricultural commodities, and population growth. Table 1 and Materials and Methods (subsection "Data sets used") explain the variables that follow, including five water use related variables: WDR, USE, VWP, VWC, and VWC e .
Materials and methods
Interpretation. Assume for simplicity that there is one livestock type and one crop type, and that humans feed on both livestock and crops while livestock feed only on crops (3 trophic levels, see Bonhommeau et al., 2013) . Any growth in human biomass should be balanced by growth in livestock biomass and growth in crop biomass that are used in human diet, multiplied by corresponding assimilation efficiencies. Similarly, growth in livestock biomass should be balanced by growth in crop biomass used in livestock feed. If N is human population, N H c is the number of crops used in human diet, M c is the average mass of the crop, N H L is the number of livestock used in human diet, M L is the average mass of livestock and N L c is the number of crops used in livestock diet then
where r c and r L are reproduction rates of crops and livestock. 
is the total amount of crops grown both to feed humans and livestock, then the growth in human biomass should be matched by the total growth in crop biomass that is directly or indirectly assimilated by humans:
Here, 0<ρ H e <1 represents effective efficiency of assimilating crops (directly or indirectly via livestock) by humans. From Eq. (1) it is given by ρ
, which essentially is a weighted (by respective assimilation efficiencies) sum of crops consumed directly by humans and livestock. The left side of Eq. (2) is the total growth in human biomass, and the right side, which follows from Eq. (1), is the fraction of the total growth in crop biomass that has been effectively assimilated by humans.
Following Savage et al. (2004) ,
/ B c , where B c is the average metabolic rate of the crop. Given that the metabolic rate is the transformation rate of matter and energy, and water is the medium of material fluxes (i.e., nutrients from the soil up to the leaves), we assume that B c is proportional to average use of water, w c , by the crop. From Eq. (2), this means that NrM / ρ 
Then, the evidence that r / w T c =N À Á À1=3 can be interpreted as resulting from the following relationships: rM ∝ M 3/4 ∝ B with variation in effective assimilation efficiency considered negligible (see subsection "trophic levels and effective assimilation efficiency" below). This is because then r ∝ B −1/3 and would imply that average metabolic rate of humans is proportional to its water use per capita (by substituting B ¼ w T c =N). Note that in the derivation above, temperature and other climate effects on water use per unit crop biomass produced have been ignored (in addition to the assumption that water that is used by humans and livestock directly is negligible compared to w T c ) because w c is assumed to be independent of where the crops are grown. However, the above interpretation will still hold if w T c is obtained from actual calculations that incorporate temperature effects (e.g., based on total water withdrawals or water footprints and virtual water trade of regions, as detailed in the subsection "Data sets used").
Data sets used. Seven regions are considered based on UN classification (United Nations, (2018)): Asia, Africa, Central America (including the Caribbean), Europe (including Russian Federation post-1990 and USSR pre-1990) , North America, South America, and Oceania.
BRT. Birth and population data per year are obtained from United Nations (2015) . Average number of births per year over 5-year periods from 1951-2000 are divided by population in the middle of the corresponding periods to obtain birth rate, BRT.
On water use variables, we distinguish between two types. One type of water use variable is based on water withdrawals (either by humans through irrigation or by plants from the root zone; also interchangeably called footprint) that does not incorporate parts of water use that are virtually imported. This type of variables include WDR and VWP (see Table 1 , indicated in gray). The other type of water use variables adjust water withdrawals by incorporating net virtual water imports. This second type of variables include USE, VWC, and VWC e .
Net virtual water import variables, depending on the data sources used, are NWI SH and NWI HK . Net virtual water import NWI SH is estimated based on the following steps (Hoekstra and Hung, 2002) : (1) FAO methodology is used to estimate crop water requirement of crops grown that consider country-specific climate conditions relevant for potential evaporation (e.g., temperature), (2) FAOSTAT based yield and crop production data that estimate conservative water footprint values, and (3) COMTRADE based trade in agricultural commodities data that then enables the estimation of net virtual water imports for the 1951-1955, 1961-1965, 1971-1975, 1981-1985, 1991-1995, 1996-2000, and 2001-2005 United Nations (2015 1986-1990, 1991-1995 and 1996-2000 FAOSTAT, (United Nations (2015); Dalin et al. (2012); Konar et al. (2011 Konar et al. ( , 2012 NWI HK Net virtual water import per capita based on (Konar et al. (2011 (Konar et al. ( , 2012 ) Regression estimate of net virtual water import per capita as a function of VWP (see Table 3 Table 1 for definitions and Material and Methods section for panel data analysis regions. Similarly, the estimation of NWI HK is based on the estimation of water footprint (VWP) that is based on the estimation of gridded crop specific transpirations and yields as a function of climate (e.g., rainfall and temperature) and soil water holding characteristics, while distinguishing between rainfed and irrigated agriculture based on land cover maps and using FAOSTAT and COMTRADE commodity trade data to estimate net virtual water imports (Dalin et al., 2012; Konar et al., 2012; Konar et al., 2011; Hanasaki et al., 2010) . The water use variables can also be distinguished based on data sources used. WDR, USE, and NWI SH are based on Shiklomanov (2003) and Hoekstra and Hung (2002) that are further described below.
WDR. The water withdrawals per capita (WDR) are obtained by dividing regional water withdrawals (Shiklomanov, 2003) for years 1950, 1960, 1970, 1980, 1990, 1995, and 2000 by the population of the regions in the middle of the periods 1951-55, 1961-65, 1971-75, 1981-85, 1991-95, 1996-2000, and 2001-2005 . The water withdrawals are total, including agriculture that accounts for almost 80%. Other purposes are for domestic water use and industrial water use. Regional water withdrawals are based on national statistics of specific water use or by country analogs (i.e., countries with similar physiography, including climate, and economic development) and population statistics.
USE. Water use of a region is defined as the sum of 'real' water physically withdrawn for agricultural production and the 'virtual' water that is imported or exported through trade in agricultural (crop and livestock) products. WDR of regions is adjusted for net virtual water import rates per capita (NWI SH , derived from Hoekstra and Hung (2002) and Table 3 of Zimmer and Renault (2003) ) to obtain one calculation for regional water use per capita (USE). Net virtual import rates are the rates at which regions virtually import water through the imports of (mostly agricultural) commodities minus the rates at which regions virtually export water through commodity exports. Since the calculations in Hoekstra and Hung (2002) are provided for 1995, we hypothesize (and validate using independent data sets based on FAOSTAT, Konar et al. (2012) , Konar et al. (2011), and Hanasaki et al. (2010) -see variables VWP, VWC, and VWC e below and subsection "Net virtual water import as a function of water footprint") that net virtual water import of a region is proportional to WDR. We then use this proportionality to extrapolate net virtual water import (NWI SH ) to other periods of the study.
The extrapolation is based on a regression analysis across 145 countries between water withdrawals per capita and net virtual water import per capita for the year 1995 (Hoekstra and Hung, 2002) (See Fig. 2 ). Regional water use per capita (USE) for all seven 5-year periods is then calculated as the sum of WDR and NWI SH estimated for these periods as a function of WDR. WDR is 'blue' water because it is extracted by man-made infrastructures. However, NWI SH (net virtual water import) is composed of both 'blue' and 'green' water use, but it is obtained as a function of 'blue' water withdrawal. Therefore, USE is both 'blue' and 'green' water.
Another set of water use variables is based on FAOSTAT, Konar et al. (2012) , Konar et al. (2011) and Hanasaki et al. (2010) . Related variables are VWP, VWC, VWC e , and NWI HK .
VWP. To investigate the validity of NWI SH -WDR relationship and the limitation of using only WDR ('blue' water since it is withdrawn and does not account for rain fed water use), we use virtual water content data (Dalin et al., 2012) of five major crops (barley, corn, rice, soybeans, wheat) and three major livestock products (beef, pork, poultry) from 1961 to 2000. These are then multiplied with country specific production values (obtained from FAOSTAT) to obtain total water footprint of nations. The regional water footprint is then obtained as the sum of constituting national water footprints, where regions are based on the UN classification system. The time series are averaged over every 5-year interval from 1961 to 2000 (e.g., 1961-1965, 1966-1970 , and so on), and divided by regional populations in the middle of such intervals to obtain period specific regional water footprint per capita (VWP). National virtual water imports and exports for the same agricultural commodities (Konar et al., 2011; 2012) are used from 1986 to 2000 to similarly calculate regional net virtual water import rate for three periods: 1986-1990, 1991-1995, and 1996-2000 (net total = total import-total export, where total is the sum over all the agricultural commodities considered). These are then divided by regional population in the middle of corresponding periods to obtain regional net virtual water import per capita.
Regional net virtual water import per capita and water footprints per capita (VWP) are used to independently validate the NWI SH -WDR relationship (that higher net exporters per capita also have higher water footprint per capita) for the three periods. This is further discussed below (subsection "Net virtual water import as a function of water footprint") and shown in Fig. 2 .
Two additional estimates of regional water use per capita (to complement USE) are calculated. These are based on virtual water content and trade data, data sets that are independent of the data sets used for calculating USE.
VWC. The first one is VWC, which is calculated for periods 1986-1990, 1991-1995, and 1996-2000 by taking the sum of VWP and regional net virtual water import per capita based on Konar et al. (2011 Konar et al. ( , 2012 .
VWC e . The second one is VWC e . The relationship between regional net virtual water import per capita Konar et al. Fig. 2 Regression between net virtual water imports per capita and water withdrawals or water footprint per capita. Also shown are respective best fit linear models (details in Table 2 ). The data labeled 'Hoekstra and Hung (2002) ' are based on net virtual water imports from Hoekstra and Hung (2002) for 145 nations for year 1999 and' Konar et al. (2011; 2012) ' is based on net virtual water imports based on Konar et al. (2011; 2012) for the regions and span periods 1986-1990, 1991-1995, and 1996-2000 . Similarity in the slopes of the best fit lines, i.e., the proportional relationship between total water withdrawals (footprint) per capita and net virtual water import (trade) per capita, is evident. See Table 1 for definitions and Table 2 for regression results ARTICLE PALGRAVE COMMUNICATIONS | DOI: 10.1057/s41599-018-0140-6 (2011, 2012) and water footprint per capita, shown in Fig. 2 , is used to 'back calculate' water use (VWC e ) of regions from 1961 to 2000 at 5-year intervals. This is based on regressing regional net virtual water import per capita based on Konar et al. (2011 Konar et al. ( , 2012 with VWP to obtain NWI HK (See Fig. 2 and Table 2 , and subsection "Net virtual water import as a function of water footprint"). These two estimates of water use, VWC and VWC e , are then further used to validate the scaling relationship between birth rate and water use per capita.
Changes in irrigated crop lands are part of WDR, which are based on specific withdrawal rates and irrigated areas. Differences in specific withdrawals rates (e.g., withdrawal rate per hectare to irrigate) between regions incorporate the differences in technologies. NWI SH uses yield data from FAOSTAT that incorporates different crops grown in different countries. Finally, VWP and NWI HK are based on the H08 model (Hanasaki et al., 2010) that uses gridded crop cover data set. Since for irrigation the H08 model incorporates water withdrawal data from national statistics of AQUASTAT, changes in technology between regions for water withdrawal for irrigation are implicitly incorporated.
Net virtual water import as a function of water footprint. The transition from water withdrawal and water footprint to water used for regional consumption requires adjustments based on virtual water trade. In order to be able to extrapolate the relationship between net virtual water import per capita and water footprint per capita to the past, we investigate whether the observed relationship across the regions also applies to unobserved time periods. Figure 2 plots net virtual water import of 145 nations that lie within 3 standard deviations from the mean with corresponding withdrawal rate per capita for the year 1995 based on Hoekstra and Hung (2002) . The best fit line is also shown, which suggests that net virtual water import per capita scales linearly with water withdrawal per capita by a factor of −0.073 at 95% confidence level (see Table 2 ). The linear relationship is significantly better than a constant (i.e., no relationship) model in explaining the relationship between net virtual water import per capita and water withdrawal per capita of nations.
This suggests that nations that withdraw larger amounts of water per capita are also more likely to virtually export more water per capita. This may be because nations that withdraw more water per capita for production activities, such as agricultural production, do so partly for exports to other nations. This is validated by demonstrating a similar relationship between regional net virtual water import per capita and VWP for three periods: 1986-1990, 1991-1995, and 1996-2000 . Note that these calculations are at the regional scale. The best fit line has the same slope, of −0.072 at <0.01 significance level (see Table 2 ). This supports our assumption that net virtual water import per capita is proportional to water used per capita for productive activities at regional scale in unobserved periods.
Trophic levels and effective assimilation efficiency. Trophic level of humans at regional scale varies between 2 and 2.5 (Bonhommeau et al., 2013) . Trophic level of 2.5 means that human diet is composed of livestock and crops in equal amounts (in mass). This means that the crop biomass grown for direct human consumption should be equal to the animal biomass grown for human consumption. Or,
where the left side is the crop biomass being produced for human consumption while the right side is the livestock biomass being . Plugging this into effective assimilation efficiency, we obtain a special restriction for effective assimilation efficiency when the trophic level of humans is 2.5:
When trophic level is 2, the restriction on effective assimilation efficiency is ρ e varies between 0.50 (for trophic level 2) and 0.43 (for trophic level 2.5). In both the cases the variation in effective assimilation efficiency (0.01-0.07) is less than 0.10, which is one order lower than the magnitudes of effective assimilation efficiency (0.19-0.50). Meanwhile, the variation in water use per capita is between 200 and 1400 m 3 / year/capita (which is a variation of 1200 m 3 /year/capita; see e.g., Fig. 1 ), which is of the same order as water use per capita. We therefore can assume that regional variation in effective assimilation efficiency is negligible compared to the scale of variation in regional water use per capita.
Panel data analysis. A panel of data here is defined as period specific. That is, a panel of data is defined as birth rate and water use data of regions for a given period. Depending on the water use variable used, panels of data cover periods from 1951-1955 to 2001-2005 (see Table 1 ).
Let z ti be the log of birth rate of region i for period t, and X ti be the log of water use of corresponding region and time period. A panel data model is given by
where α t represents region invariant time period specific 'fixed effect,' α 0 is region and time period invariant effect, ε ti is the residual with ε ti $ i:i:d 0; θ 2 ε À Á (i.e., independently and identically distributed variable with mean 0 and variance θ 2 ε ), and β is the slope (exponent of the power relationship). If X ti is independent of period specific fixed effects α t , then one may as well estimate random effect model: Table 3 reports "random effect" estimates of β using this equation for z = log(y) and X = log(x). However, ε ti may be auto-correlated, thereby not obeying the assumption that ε ti is independently distributed over time, due to co-variates that are not currently being considered alongside water use. Examples of such co-variates can include national policy related variables and opportunity cost of raising children that may systematically change over time. Since the presence of auto-correlated errors can lead to biased estimate of the effect if the autocorrelation is ignored from the model, we use dynamic panel data model with fixed effect to incorporate auto-correlated residuals,
Here, all the variable definitions remain the same as in Eq. (4), except that ε ti is modeled as an auto-correlated variable (AR1 process) with an auto-correlation of θ Table 3 also reports the "dynamic panel fixed effect" estimates of β using Eq. (5a) and Equation b, for z = log(y) and X = log(x).
The panel models are estimated using a panel data toolbox for MATLAB (Álvarez et al., 2017) . Figure 3 shows the plot of birth rate (BRT) with water withdrawal per capita (WDR) of regions from 1950 to 2000. The slope of the best linear fit, in log-log space, has a slope of −0.5. Also, for comparison, shown is the variation of regional water footprint based on Dalin et al. (2012) (VWP) with BRT for period 1961 to 2000 and the corresponding best linear fit (in log-log space) that has a slope of −0.37. Both the best fit lines have significant slopes (<0.01 significance level, see Table 3 ). While both WDR and VWP are classified as water footprint quantities, the difference between the two is that WDR considers 'blue' water while VWP incorporates both 'green' and 'blue' water (see "Data sets used" subsection of Materials and Methods). Also, the two estimations are not from the same data set and do not use the same methodology. In spite of that, the two estimates of water used for regional production of agricultural products, which are either consumed or exported, demonstrate a significant power relationship scaling with regional birth rate (with the power lying between −0.50 and −0.37). Table 3 provides regression results between BRT (y) as the dependent variable and various estimated water use related variables (WDR, USE, VWP, VWC, and VWC e ) as the independent variable (x), taken one at a time. The regression model is y = e α x β , following a power relationship hypothesis, where e α corresponds to α in log space that can either be considered as random or fixed time period specific effect (see subsection "Panel data analysis" in Materials and Methods).
Results
All regressed exponents, i.e., β, are significant at <0.01 level and lie between −0.58 and −0.37, assuming random effect (i.e., assuming there is no time period specific fixed effect). The relationship between BRT and VWC is the strongest (correlation coefficient, R p , is~−0.70). While the estimate of β moves from −0.50 in case of WDR to −0.58 in case of USE, it moves from −0.37 when using VWP as the explanatory variable to −0.46 when using VWC.
Dynamic panel data analysis (see subsection "Panel data analysis" in Materials and Methods), which essentially estimates β while considering regional data of a time period as belonging to one panel with its own fixed effect and incorporating autocorrelations in the data, reveals stronger results. All estimated exponents are significant at <0.01 level and in general clutter around −0.44. The estimate of β moves from −0.52 in case of WDR to −0.41 in case of USE, and moves from −0.44 when VWP is the explanatory variable to −0.43 when using VWC. Figure 4 compares the dynamic panel slope with period specific regressed slopes between BRT and VWC for the 3 periods for which corresponding data was available and finds no systematic variation between the periods. Further, the differences in slopes between period specific regressions and panel data regression indicate that there is more information in the data when data sets from different periods are taken together than when they are analyzed per period.
In both random effect and dynamic fixed effect panel data analysis, the estimates of β based on VWC e are −0.39 and −0.45, respectively. Finally, estimates of β based on VWP, VWC, and VWC e (i.e., regional water use per capita calculations based on A panel consists of regional data for a time period. Hence, depending on the water use data used from Table 1 , we have 7 (for WDR and USE) to 3 panels (VWC). The estimated regression relationship is y = e α x β with y being BRT and x being different water use variables defined in Table 1 . Only estimations of β are reported. Random effect estimate assumes that there are no panel specific effects (to be otherwise captured by α) while dynamic panel fixed effect model assumes not only that there are time period specific fixed effects but also that panel data are auto-correlated. Standard errors of parameter estimates are shown in the parenthesis alongside. Also shown are corresponding correlation coefficients, R p , between observed and predicted y. The power estimates, β, of the scaling relationship between water use and birth rates are statistically significant (at significance level of <0.01) and lies between −1/3 and −1/2. See Materials and Methods section for details on panel data analysis implemented here Fig. 3 Scaling of birth rates (BRT) with water withdrawals (WDR) and water footprint (VWP) of regions. Also shown are corresponding best fit lines corresponding to "random effect estimation" (dependent variable y s corresponds to WDR and y h corresponds to VWP). WDR scales with BRT with power −0.50 while VWP scales with BRT with power −0.37, both significant at <0.01 level. See Table 1 for definitions, Table 3 for slope estimations and Material and Methods section for panel data random effect estimation regional virtual water content and trade in agricultural commodities) validate the observation made based on WDR and USE (based on regional water withdrawal rates) that birth rates scale with water use per capita with an exponent that is in between −1/2 and −1/3. Figure 5 presents similar information as Fig. 3 except that temporal variation per region is shown in whiskers for two water use per capita variables, USE (water use estimated based on water withdrawals) and VWC (water use based on virtual water content and trade), along the x-axis and birth rate, BRT, along the y-axis. Also shown are lines with slopes estimated based on corresponding dynamic panel data analysis (shown in Table 3 under "dynamic panel fixed effect"). Both yield similar scaling pattern between birth rates and water use per capita of regions.
Discussion
If each period of regional data is considered as a panel then the estimation of exponent (β) reported in Fig. 3, i. e., the slopes of the lines, are random effect estimations (see "Panel data analysis" in Materials and Methods). On the other hand, the estimates of β reported in the slope of lines in Fig. 5 are fixed effects estimates based on a dynamic panel data model that incorporates autocorrelation in data between successive periods. Auto-correlated error often appears as a result of auto-correlated variables, which when not considered in an analysis lead to biased estimation of the effect. Once the autocorrelation is accounted for, the power estimates move closer to −0.44. This also suggests that the effective dimension of the network that distributes metabolites for human growth lies in between 2 and 3.
Lower birth rates, such as in North America, Europe, and Oceania, are associated with higher per capita water consumption. Developing regions demonstrate the contrary. While regions appear to deviate from the power relationship, the statistical analysis results shown in Table 3 suggest that the power relationship is statistically significant in explaining the variance in data. Thus regions with higher birth rates have lower water use per capita.
Similar scaling relationship is also found between birth rate and GDP per capita ( Fig. 1 ; Zhang and Yu, 2010; Bauch, 2008) . However, socio-economic changes that come along with economic development such as women empowerment, opportunity cost to raise children and transition from communal to societal demographics with more nuclear families can only explain a decreasing trend with development. It also falls short of explaining why water use per capita is increasing with increasing GDP per capita because technological innovation that comes along with rising GDP per capita should increase water use efficiency and thereby reduce water use per capita. Such efficiency paradox has been reported extensively, especially in context of irrigation, where it has been argued that a profit maximizing producer will increase the level of an input if more efficient technologies reduce the marginal cost of producing/extracting the input per unit price of output (Alcott, 2005; Sears et al., 2018 and references within) . For example, if drip irrigation is made available that reduces the marginal cost of applying irrigation by reducing non-productive soil evaporation, then the farmer will increase his production by applying more irrigation. However this assumes that other inputs such as land, seeds, etc. are not binding the producer and that it costs to extract water. It remains unclear whether this is the case at regional scale.
Metabolism theory provides an interpretation of the observed scaling relationship with a negative exponent, with GDP per capita serving as proxy for average metabolic rate of regions. The interpretation is based on the observation that water use drives agricultural production (see "interpretation" in Materials and Methods). Water use proportionately drives not only the GDP of the agricultural sector but also the availability of food and energy for other economic activities-thereby providing population means to buy food, consume and reproduce. Such causal interpretation is elaborated in Fig. 6 , which decomposes the relationship between BRT and VWP into two relationships. The first is between birth rate and net agricultural production per capita and the second one is between net agricultural production per The solid black line has the slope that corresponds to "dynamic panel fixed effect" estimate of power β for BRT vs. USE data while the dashed blue line corresponds to the dynamic panel fixed effect estimate of β for BRT vs. VWC data. VWC shows scaling relationship similar to that between BRT and USE. Africa, Asia and Central America appear to have largest differences between USE and VWC, possibly due to large difference between blue and total water footprint. See Table 1 for definitions, Table 3 for β estimation and Material and Methods section for dynamic panel fixed effect estimation capita and VWP. Net agricultural production per capita excludes agricultural outputs that are used as inputs to other agricultural production processes. Further, net agricultural production per capita is expressed in international dollars (I$) in order to express production of regions in a unit of currency that has the same purchasing power parity that US dollar had in the United States in period [2004] [2005] [2006] . Figure 6a shows a pattern similar to Fig. 3 with the slope of the best fit line of −0.43 at significance level <0.01. Figure 6b shows that net agricultural production per capita scales sub-linearly with VWP with a power of 0.83 at a significance level of <0.01. An approximate scaling exponent of −0.36 between birth rate and VWP can thus be imputed by multiplying −0.43 with 0.83, which is close to the value of −0.44 reported in Table 3 . Figure 6b also shows least biased line with slope of 1, which is expected if water is the limiting factor in agricultural production (see also "interpretation" in Materials and Methods section). The two sloped lines in Fig. 6b indicate that regions such as Africa and Asia use less than expected water per capita for their level of production (the best fit line is below the y ∝ x line) while developed regions such as North America and Oceania use more than expected water per capita for their level of production.
This observed deviation from the expected can be interpreted in I = PAT way of thinking (Chertow, 2000) , which argues that consumption of resources increases with affluence per capita. This can also be interpreted as resulting from dis-economies of scale effect, that more developed economies with higher production per capita are burdened by higher costs of coordinating production processes (Bettencourt, 2013) . The deviation of the best fit line from linearity can also be attributed to how prices of agricultural goods respond to production levels, due to underlying risk averse nature of humans.
Deviations from the scaling relationship have been observed and attributed to other conditions (e.g., diverse local conditions in which organisms live). Deviations from the scaling relationship have been attributed to local conditions, such as phosphorus gradients, temperature and other environmental and physiological conditions that may control the uptake of metabolites from the environment, such as the inefficiency of networks in transporting metabolites from diverse sources to reaction sites, and how organisms allocate the assimilated metabolic energy to survival, growth and reproduction (Hou et al., 2008; Savage et al., 2004; Fontana and Della, 2016) . While nature, through its bioenergetics laws, controls survival, maintenance and growth of an individual's biomass, reproduction in organisms is also often urged on by nature except for humans who can choose to delay the time to reproduce. Industrialized regions, with advanced technologies, are expected to have higher rate of return on investing in human capital (that contributes to sustaining such high levels of technologies) than less developed economies. As nations industrialize, demand for skilled labor force rises, making investment in honing the skills of the youth, e.g., through education, more attractive (Lim, 2009 ). This incentivizes parents to reproduce less, e.g., in Europe, and invest more on developing the needed skills of fewer children, as interpreted by models of human capital and fertility (Becker et al., 1990; Kaplan, 1996) . It is therefore expected that less developed regions are more constrained by the metabolic rate and are expected to exhibit the scaling relationship between birth rate per capita and water use per capita, assuming that lack of nutrients and under-weightness does not adversely affect the metabolic states of humans (Fontana and Della, 2016) .
If water use controls (or is controlled by) the metabolic rate then technologically less developed regions should exclusively obey the power relationship and developed regions should deviate from the relationship. On the other hand, adverse effects of excessively low (high) body weight on metabolism and birth rate implies that poorest (richest) regions with food scarcity (abundance) such as Africa (North America and Oceania) should have lower than expected birth rate (Fontana and Della, 2016 ). This appears not to be the case for Africa, North America, and Oceania.
An explanation of deviations may lie in the spatial resolution of the analysis, which ignores variability within regions. Further, Table 3 regions like Africa may have higher than expected birth rates to compensate for high child mortality or due to inefficient virtual water supply chains. Similarly, higher than expected (expectation being that birth rates are similar to Europe) birth rates in North America and Oceania may be attributed to proportionally higher wastage of virtual water at the consumption stage of the supply chain (Food and Agriculture Organization of the United Nations (2011)). Further exploration of the scaling relationship at the scale of nations is therefore warranted that additionally considers local co-variates such as soil fertility, diseases, supply chain efficiency and opportunity costs of raising off-springs.
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